Abstract: High-energy square pulses operating in dissipative soliton resonance region are experimentally observed in an erbium-doped figure-of-eight fiber laser with large net-normal dispersion for the first time to our knowledge. The dissipative soliton resonance is achieved by using the nonlinear-amplifying-loop-mirror mode-locked technique. The output pulse duration broadens linearly with the increase of pump power, while the peak power maintains a constant value. At the maximum pump power of 620 mW, the intracavity pulse energy is up to 379.2 nJ, and the average output power is 14.02 mW.
Introduction
Passively mode-locked fiber lasers, as ideal ultrashort pulse optical sources, have attracted significant interest for their wide applications. Particularly, the ultrashort pulse laser with high-energy is required in such diverse fields as micromachining, material processing, and supercontinuum generation. During the past decades, lots of research concentrated on the generation of high-energy ultrashort mode-locked pulses directly from an oscillator. Different types of fiber lasers have been proposed to generate high-energy mode-locked pulses, such as stretched-pulse fiber lasers [1]- [3] , self-similar fiber lasers [4] , [5] , and all-normal-dispersion (ANDi) fiber lasers [6] - [8] . However, wave breaking or multipulse generally occurs in the laser cavity mainly due to the overdriven nonlinear effect under strong pump power, which restricts further scaling of pulse energy.
In recent years, high-energy nanosecond square pulses without wave breaking generated from passively mode-locked fiber lasers have also been investigated intensively [9] , [10] . Square pulse emission from a passively mode-locked erbium-doped fiber (EDF) laser was first observed in a figureof-eight cavity based on nonlinear amplifying loop mirror (NALM) mode-locked technique [11] . In 2007, Schmieder et al. also reported the square-pulse generation from figure-of-eight laser with a highly nonlinear dispersion shifted fiber [12] . Furthermore, the nonlinear polarization rotation (NPR) mode-locked technique has also been applied to generate square pulses. Matsas et al. first demonstrated the generation of square pulses in a passively mode-locked fiber ring laser [13] .
However, the aforementioned reports only focused on square-pulse generation but did not give the mechanism. Moreover, the pulse energy of the laser had not been considered.
Recently, a new concept, namely, the dissipative soliton resonance (DSR), has been proposed to increase the pulse energy from a fiber laser [14] - [16] . The formation of dissipative solitons, which requires a balance between the gain and the loss, is governed by the cubic-quintic GinzburgLandau equation (CGLE) [14] , [15] . For particular parameters, the pulse energy can be enhanced to a large value without pulse breakup, and the pulse duration increases linearly with pump power [15] . In addition, the pulse shapes have a square profile at certain values of system parameters [17] , [18] . By using NPR mode-locked technique, the square pulses operating in DSR region have been experimentally investigated in fiber ring lasers with normal dispersion [19] and anomalous dispersion [20] . The square-pulse DSR generation has also been reported in figure-of-eight laser operating in anomalous dispersion regime, but the pulse energy is limited to 3.25 nJ [21] . The pulse energy in figure-of-eight laser can further be improved by selecting appropriate parameters. Generally, the fiber lasers operating in normal dispersion regime allow higher pulse energy [8] , [22] , [23] . However, to the best of our knowledge, there is no report about square-pulse DSR generation in the normal-dispersion figure-of-eight fiber laser, and the investigation would be beneficial to understand the DSR generation in figure-of-eight lasers comprehensively.
In this paper, the high-energy square-pulse DSR is experimentally observed in an erbium-doped figure-of-eight fiber laser with large net-normal dispersion by using NALM mode-locked technique. Stable pulses with a repetition rate of 369.7 kHz are obtained. With the increase of pump power, the duration of the square pulse increases linearly from 23.9 ns to 363.9 ns, while the peak power maintains a constant value. Moreover, the intracavity pulse energy reaches up to 379.2 nJ without wave breaking.
Experimental Setup
The experimental configuration of the figure-of-eight laser with large net-normal dispersion is shown schematically in Fig. 1 . The NALM, which acts as a fast saturable absorber [3] , is depicted on the left-hand side. The fiber loop on the right-hand side is a unidirectional ring (UR) cavity, which is connected to the NALM by a 3-dB coupler. The NALM consists of a 980/1550-nm wavelength division multiplexer (WDM), a polarization controller (PC), a 19.5-m EDF and a normal-dispersion high-nonlinearity fiber (ND-HNF) with the length of 520 m. The UR cavity includes a PC, an isolator (ISO) and a 10/90 fused optical coupler (OC). The EDF with the group velocity dispersion (GVD) parameter of À12.2 ps/nm/km and an absorption coefficient of 7 dB/m at 980 nm is pumped by a 976-nm single-mode laser diode (LD). The maximum pump power, which can be coupled into the laser, is approximately 620 mW. The ND-HNF with the GVD of À5 ps/nm/km and the nonlinear coefficient of 10 /W/km is introduced into the NALM cavity to increase the nonlinearity. The pigtailed fibers of optical components in the cavity are standard single-mode fibers (SMFs) with the GVD of 17 ps/nm/km, and the total length is 4 m. The cavity length and net cavity dispersion at 1550 nm are 543.5 m and 3.53 ps 2 , respectively. Two PCs are used to control the polarization states of the pulses in the cavity. The ISO enforces the unidirectional operation with the isolation more than 30 dB. An OC with the 10% port as the output port is placed after the ISO. An optical spectrum analyzer (OSA; YOKOGAWA AQ6370B) and a 1-GHz digital phosphor oscilloscope (Tektronix DPO7014C) together with a 45-GHz photoelectric detector (New Focus 1014) are simultaneously employed to monitor the laser spectrum and the output pulse train.
Experimental Results and Discussions
The NALM, which is based on the nonlinear phase shift induced by self-phase modulation (SPM) and cross-phase modulation (XPM) [24] , [25] , was utilized to achieve the self-started passively mode-locked state. In our experiment, the mode-locked threshold is 40 mW. By adjusting the PCs in an appropriate position and setting pressure properly, a train of stable mode-locked square pulses can be obtained when the pump power exceeds the threshold. The typical oscilloscope trace of the pulse output from the fiber laser under the pump power of 350 mW is shown in Fig. 2(a) . The mode-locked pulse train has a uniform pulse interval of about 2.7 s, corresponding to the cavity roundtrip time, which is determined by the cavity length. As exhibited in the inset in Fig. 2(a) , the output pulse has a square profile without other fine internal structure, and the measured pulse duration is 234.0 ns. The corresponding optical spectrum of the square pulse is shown in Fig. 2(b) , depicting that the spectrum has a central wavelength of 1573.7 nm and a 3-dB bandwidth of 0.88 nm. The radio frequency (RF) spectrum of the output pulse was measured by a RF spectrum analyzer (Tektronix RSA 3303B), as shown in Fig. 2(c) . The fundamental frequency peak is located at 369.7 kHz, and the signal-to-noise ratio (SNR) is larger than 80 dB. The inset in Fig. 2(c) shows the wideband RF spectrum up to 20 MHz, which demonstrates that the fiber laser operates at a stable mode-locked sate.
The evolution of square pulse has also been further investigated experimentally. By fixing the PCs, the duration of square pulse can be tuned by changing the pump power. The dynamic of square-pulse broadening with respect to pump power is shown in Fig. 3 . The pump powers are selected as 100 mW, 200 mW, 300 mW, 400 mW, 500 mW, and 600 mW here. The corresponding pulse durations are 70.9 ns, 140.7 ns, 204.8 ns, 260.1 ns, 308.3 ns, and 354.4 ns, respectively. As shown in Fig. 3 , the output pulse duration broadens with the increase of pump power. However, the pulse amplitude keeps invariable during the process of square-pulse broadening. Moreover, no pulse bunch was observed. The phenomena are different from the nanosecond noiselike pulse, which contains pulse bunch [13] . The corresponding evolution of the optical spectrum exhibits that the spectral intensities and the 3 dB bandwidths of the optical spectra increase slightly, as presented in Fig. 4 .
To better show the observed pulse characteristics, Fig. 5(a) exhibits the variations of squarepulse duration and output power with respect to the pump power. As can be seen, both of them monotonically increase with the pump power. At the threshold, the narrowest stable square pulse is 23.9 ns, while the maximum pulse duration is 363.9 ns at the maximum pump power of 620 mW. It should be pointed out that the pulse still has a square profile and is stable at the maximum pump power. Thus, we believe that wider pulses could be obtained with higher pump power. An extraordinary feature of the square pulse is that the pulse energy could approach a high value without suffering pulse breakup and pulse shape distortion. In our experiment, the largest output power is 14.02 mW at the pump power of 620 mW. Therefore, the output pulse energy is 37.92 nJ. Considering that 10% port of the OC is used as output port, the intracavity pulse energy of the fiber laser is as large as 379.2 nJ. Moreover, no output power saturation phenomenon was observed. Fig. 5(b) exhibits the pulse energy and pulse peak power as a function of the pump power. The pulse energy almost linearly increases with the pump power, while the peak power of the square pulse almost keeps constant inside the cavity. In our experiment, the peak power of the square pulse is about 1.04 W in the cavity, which is limited by the parameters of the mode-locked device [15] , [16] . Here, the nonlinear gain saturation, large normal dispersion, and strong nonlinearity play key roles due to the 520-m ND-HNF used in the cavity.
The theory of DSR indicates that, when the parameters are chosen closer to the resonance point, the pulse energy could be enhanced to an infinitely large value and the pulse duration increases linearly with the pump power, whereas the pulse amplitude converges to a given plateau value [17] . The experiment results demonstrate that the resonance features of the square pulse are in qualitatively good agreement with the theoretical prediction. It can be confirmed that the DSR phenomenon has been experimentally observed in figure-of-eight fiber laser with large net-normal dispersion. The DSR generated in this paper is different from the typical DSR. For the typical DSR, the optical spectrum exhibits a square profile, and the pulse energy is limited by the formation of multipulse under strong pump power [26] , [27] . In our experiment, the fiber laser delivers a stable square profile pulse and has higher pulse energy without wave breaking. Consequently, the pulse energy can be further increased by optimizing the laser parameters and employing a higher pump power.
Conclusion
In conclusion, the DSR with high-energy pulse has been experimentally observed in a passively mode-locked erbium-doped figure-of-eight fiber laser by using NALM technique. The fiber laser with a 520-m ND-HNF in the cavity operates in normal dispersion regime. The output of the fiber laser has a square profile pulse with the repetition rate of 369.7 kHz. With the increase of the pump power, the square-pulse duration increases linearly from 23.9 ns to 363.9 ns, whereas the peak power maintains around 1.04 W. And the pulse energy reaches up to 379.2 nJ without wave breaking. Such a high-energy square-pulse fiber laser with low peak power could be used as an ideal seed pulse source in the high-power pulsed amplification systems. 
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